The acid-labile subunit (ALS) is the main regulator of IGF1 and IGF2 bioavailability. ALS deficiency caused by mutations in the ALS (IGFALS) gene often results in mild short stature in adulthood. Little is known about the ALS structure-function relationship. A structural model built in 1999 suggested a doughnut shape, which has never been observed in the leucinerich repeat (LRR) superfamily, to which ALS belongs. In this study, we built a new ALS structural model, analysed its glycosylation and charge distribution and studied mechanisms by which missense mutations affect protein structure. We used three structure prediction servers and integrated their results with information derived from ALS experimental studies. The ALS model was built at high confidence using Toll-like receptor protein templates and resembled a horseshoe with an extensively negatively charged concave surface. Enrichment in prolines and disulphide bonds was found at the ALS N-and C-termini. Moreover, seven N-glycosylation sites were identified and mapped. ALS mutations were predicted to affect protein structure by causing loss of hydrophobic interactions (p.Leu134Gln), alteration of the amino acid backbone (p.Leu241Pro, p.Leu172Phe and p.Leu244Phe), loss of disulphide bridges (p.Cys60Ser and p.Cys540Arg), change in structural constrains (p.Pro73Leu), creation of novel glycosylation sites (p.Asp440Asn) or alteration of LRRs (p.Asn276Ser). In conclusion, our ALS structural model was identified as a highly confident prediction by three independent methods and disagrees with the previously published ALS model. The new model allowed us to analyse the ALS core and its caps and to interpret the potential structural effects of ALS mutations.
Introduction
The acid-labile subunit (ALS) is the main regulator of IGF1 and IGF2 bioavailability. It is a GH-dependent protein of 85 kDa encoded by the IGFALS (Baxter 1990) . ALS is present almost exclusively in the serum, where it circulates bound into a high-molecular weight ternary complex of 150 kDa. This is formed by a molecule of ALS, a molecule of IGF1 or -2 and a molecule of IGF binding protein (IGFBP) -3 or -5. Formation of the ternary complex limits IGFs' passage through the endothelial barrier, restricting its presence to the blood circulation. This results in a reduced IGF availability to bind to its cell surface receptor (IGF1R) and to exert its mitogenic and metabolic effects (Boisclair et al. 2001 , David et al. 2011 .
The first homozygous mutation of IGFALS was reported in 2004 (Domene et al. 2004) . The patient presented with extreme deficiencies in circulating IGF1, IGFBP3 and ALS, as well as relatively mild growth failure. The same phenotype has been observed in another 21 ALS-deficient patients, in whom an w2 S.D. height loss was present. Interestingly, postpubertal catch-up can occur and a normal height has been observed in some ALS-deficient patients in adulthood (Domene et al. 2007a (Domene et al. , 2009 . Single heterozygous ALS mutations also appear to cause minor height loss of w1S.D. compared with wild-type patients (Fofanova-Gambetti et al. 2010) , raising the question of whether they can be included among the causes of idiopathic short stature (Domene et al. 2004) .
Little is known about the ALS structure-function relationship and the interaction between ALS and IGFBP/IGFs, although a charge interaction is hypothesised. ALS enzymatic desialisation results in a mild reduction of ALS affinity for IGFBP3 (Janosi et al. 1999a) , thus suggesting the presence of additional negatively charged elements.
Experimental determination of the ALS structure would greatly aid our understanding of ternary complex formation, but this is yet to be achieved due to the difficulties in protein crystallisation. An ALS model was built in 1999 using the porcine ribonuclease inhibitor (p-RI) structure. It predicted a doughnut shape for the ALS protein (Janosi et al. 1999b) , which has never been observed in the leucine-rich repeat (LRR) superfamily to which ALS belongs. Since then, there have been major advances in protein structure prediction and remote homology detection, as well as a far greater number of known protein structures, which allow us to confidently remodel the ALS.
In this study, we built a new structural model of the ALS protein using state-of-the-art bioinformatics tools integrated with information derived from protein databanks and ALS experimental studies. We analysed this model with respect to its charge distribution and explored potential mechanisms by which ALS missense mutations may affect the protein structure.
Materials and methods

Homology modelling of ALS
The ALS amino acid sequence was retrieved from UNIPROT database (id P35858). Homology modelling was used to determine the ALS 3D structure using three high-performing protein structure prediction servers: Phyre2 (Kelley & Sternberg 2009 , Jefferys et al. 2010 , HHpred (Soding et al. 2005) and I-Tasser (Roy et al. 2010) . All these methods construct protein models by detection of homology between a submitted protein sequence and proteins of known structure. They can routinely and confidently detect remote homologous relationships even when sequence identity is !30% and have been shown to be amongst the best systems of their kind in blind trials of structure prediction (Moult et al. 2011) . Both HHpred and Phyre2 use hidden Markov model matching to detect remote homology. In addition, the in-house-developed Phyre2 performs multiple template modelling and ab initio modelling of regions for which no structural template is available, using the recently in-house-developed Poing folding simulation system (Jefferys et al. 2010) . I-TASSER builds structure models based on the assembly of predicted homologous substructures, using multiple-threading approaches; insight on protein function is derived by matching the predicted models with protein function databases.
The models generated by the three servers were compared by superposing them using the MaxSub procedure (Siew et al. 2000) . This method attempts to find the largest subset of equivalenced residues that can be superposed within 3 . 5 Å . This is the established method for comparing models in protein structure prediction. Moreover, the same method was used to assess the deviations of the Phyre2 ALS from templates after superimposition of the templates.
ALS sequence and structure analysis
The signal peptide cleavage site was calculated using SignalP3 (Bendtsen et al. 2004) , the residue accessible solvent area (asa) using DSSP (Joosten et al. 2011) . The following interactions involved in protein stability were considered: i) salt bridges, defined as at least one pair of atoms on oppositely charge groups within a 4 . 5 Å distance; ii) hydrogen bonds (H-bond), defined as a donor-acceptor distance %2 . 5 Å and an angle at the acceptor R908; and iii) disulphide bridge (S-S bridge) defined as the side chains of two cysteines at a 3 . 0 Å distance. Pairs of cysteines at a greater distance were also considered as potentially forming an S-S bridge when found to be reasonably close (Ca-Ca distance !10 Å ). We used Ca distance to allow for errors in side-chain placement and a relatively high threshold to accommodate possible deviation of the backbone from native.
N-glycosylation sites were determined based on the consensus sequence Asn-X-Thr/Ser (XZ any amino acid, except proline). As surface accessibility is a requirement for N-glycosylation to occur in vivo, a manual analysis was performed to identify and exclude predicted sites located within the protein core.
O-glycosylation sites were predicted using GPP (Hamby & Hirst 2008) , NetOGlyc (Hansen et al. 1998) and CKSAAP_OGlySite (Chen et al. 2008) servers. As no consensus sequence is known to date and O-glycosylation is dependent on the structural context and surface accessibility (Calvete & Sanz 2008) , the in silico prediction was entirely based on these servers, which use complex prediction algorithms, and no additional manual analysis was performed.
The ALS electrostatic potential was calculated using PBEQ program (Jo et al. 2008) , which computes the protein electrostatic potential by solving the Poisson-Boltzmann equation.
Structural analysis of ALS missense mutations
The structural impact of in-frame insertions and missense mutations identified in ALS-deficient patients was assessed by analysis of the occurrence of the following structurally important changes: i) loss of salt bridges, ii) loss of H-bond, iii) breakage of S-S bridge, iv) loss or introduction of N-or O-glycosylation sites, v) reduced hydrophobic interaction, i.e. loss of burial of 50 Å 2 or more of a non-polar area on folding, vi) introduction of a steric clash preventing formation of the native state, defined as a distance !2 . 5 Å between the closest atoms of two residues (side-chain position predicted using the backbone-dependent rotamer library in Pymol), and vii) alteration of a backbone constraint that can occur when proline replaces any another amino acid or when an amino acid replaces glycine.
ALS structure visualisation
Protein structures were visualised using the Pymol visualisation program (http://www.pymol.org/) and PDB structural files.
Results
ALS structure model
All three servers generated highly similar ALS models based on Toll-like receptor templates, as shown by the plots of pairwise distances between equivalent Ca residues for each superposition (available in the ALS model-dedicated website http://www.sbg.bio.ic.ac. uk/phyre2/als/, which provides all supplementary material to this study). The three servers used the same or highly homologous templates. In particular, Toll-like receptors 3 and 4 were used by all servers (see Supplementary material provided in the ALS model-dedicated website, in which the sequence alignment between the ALS protein and the templates is also provided). Both Phyre2 and HHpred returned confidence estimates O99%, reflecting the confidence in the homology between ALS and the Toll-like receptor family, while I-Tasser returned a Z-score of 6 . 8 (a score O1 indicates good alignment).
All subsequent analyses were performed using the final model provided by our in-house-developed server Phyre2. This model is based on the following six pdb structures: 3fxi (Park et al. 2009 ), 2a0z (Bell et al. 2005) , 2z64 (Kim et al. 2007 ), 3j0a (Zhou et al. 2012) , 2z63 (Kim et al. 2007 ) and 1ziw (Choe et al. 2005) . A plot of the deviations of the ALS model from the six templates after superimposition of the templates is available at http://www.sbg.bio.ic.ac.uk/phyre2/als/. The ALS model coordinates are available for download from the web page under 'Phyre2 results for ALS in intensive model'. The first 27 residues are predicted to form the signal peptide, with the mature protein starting at alanine 28 (Fig. 1A ). The ALS model resembles a horseshoe and is characterised by 21 LRR b-a structural units (Fig. 1B) .
ALS structure analysis: N-and O-glycosylation and electrostatic potential Six S-S bridges were identified (Fig. 1C1) . They are clustered mainly towards the N-terminal (Cys41-Cys47 and Cys45-Cys60; LRR1) and C-terminal (Cys540-Cys583, Cys542-Cys605 and Cys566-Cys571; LRR21) caps. One S-S bridge is located in the central region (Cys373-Cys397, LRR14 and -15 respectively).
Seven potential N-glycosylation sites (residues 64, 85, 96, 368, 515, 554 and 580) were identified. Six of these are located towards the N-and C-termini, whereas one site is located in the central region of the ALS (LRR14) and points towards the inner concave cavity of the protein. A manual analysis of these predicted N-glycosylation sites was performed to exclude sites not accessible for glycosylation in vivo because of their position within the core of the protein. All sites resulted solvent accessible. When we assessed the presence of O-glycosylation sites, 14 such sites were predicted by GPP, eight of which were located towards the N-and C-termini. Moreover, 12 out of 14 sites (Thr66, Ser87, Ser215, Ser304, Thr309, Ser333, Ser517, Thr522, Ser556, Thr582, Ser585 and Ser598) were located on the outer convex surface and two (Ser150 and Thr442) on the inner concave surface. CKSAAP predicted one O-glycosylation site (Thr520), but at a very low confidence (prediction scoreZ0 . 014, thresholdZ0 . 000).
No sites were predicted by NetOGlyc.
ALS N-and C-terminal regions are rich in proline residues (Fig. 1C2) . Prolines are also present in the LRR, far from the b-strands. Visualisation of the ALS electrostatic potential showed positively charged patches on the outer surface and a predominance of negatively charged patches on the inner concave surface (Fig. 1D ).
Structural analysis of ALS short stature-causing mutations
Missense and in-frame mutations identified in homozygosity or compound heterozygosity in the IGFALS of patients with short stature were retrieved from the literature (Table 1 ) and mapped onto the ALS structure. All defects are reported to result in low or absent levels of the ALS protein in the patients' blood circulation. When we studied the impact of these mutations on protein folding and stability, we found the following: i) Substitution of leucine residues: p.Leu241Pro, substitution of the exposed leucine with a proline can induce a main chain distortion, which would alter the ALS structure. This is further supported by the predicted side-chain torsion angles for the Leu (4,jZK63, K31), which lie on the border of the disallowed angles for Pro. Mutations p.Leu172Phe and p.Leu244Phe may affect ALS folding due to a necessary shift in the backbone to accommodate the larger side chain of phenylalanine. Finally, in p.Leu134Gln, substitution of the hydrophobic side chain of leucine with the NA, not available; h., patient homozygous for the mutation; c.h., patient compound heterozygous for the mutation.
A DAVID, L A KELLEY and others . ALS structural model and mutation analysis polar-charged glutamine potentially disrupts hydrophobic interactions, with a destabilising effect on ALS structure. ii) Loss of S-S bridges: mutations p.Cys60Ser and p.Cys540Arg, Cys60 and Cys540 participate in S-S bonds with Cys45 and Cys583 respectively. Substitution of Cys60 and Cys540 is predicted to result in the loss of structurally important disulphide bridges ( Fig. 2A) . iii) Alteration of LRR: mutation p.Asn276Ser, the wild-type Asn276 forms part of the LRR consensus sequence as it forms a critical hydrogen bond as part of the 'asparagine ladder' (Fig. 2B and C) , stabilising the ALS core structure. In the event of substitution of asparagine with serine, the loss of the hydrogen bond could cause a substantial alteration in the ALS tertiary structure. iv) Change in structural constrains: mutation p.Pro73Leu, proline 73 is located at the N-terminus and is part of the structural clusters of prolines located at the N-and C-termini. Proline residues reduce the degree of rotation of the amino acid backbone by fixing the 4, j main chain atom angles of the protein. Substitution of proline with leucine may result in the loss of this structural constraint, thus altering the ALS amino acid backbone conformation. v) Creation of a novel glycosylation site: mutation p.Asp440Asn, this mutation occurs in a residue located on the ALS inner concave surface and creates a consensus sequence for a novel N-glycosylation site. vi) Disruption of the LRR arc: mutations p.Ser195_
Arg197dup and p.Leu437_Leu439dup. These mutations are caused by the duplication of nine nucleotides leading to the in-frame duplication of three amino acids. The LRR units of ALS and of the other members of the LRR family form a characteristic arc or horseshoe. The LRR arc is characterised by three geometrical parameters that are derived from the solved protein structure: the tilt angle of the parallel b-strand direction turn (q), the mean rotation angle about the central axis relating one b-strand to the next (4) and the inner radius of the arc (R) (Matsushima et al. 2005) . Duplication Leu 437_Leu439 alters the formation of the b-strand motif in LRR17, as residues 438 and 439 contribute to the formation of the highly conserved b-strand of the LRR (Enkhbayar et al. 2004) . Ultimately, alteration of the b-strand could result in the alteration of one or more of the three geometrical parameters of the LRR arc. A similar drastic structural change in the LRR arc can be predicted for the p.Ser195_Arg197dup. This duplication involves the b-turn, which connects the b-strand on the concave surface with the structural motifs on the convex face and is also responsible for the 180-degree bend of the ALS backbone.
Discussion
We propose a new structural model of ALS based on results from three state-of-the-art protein structure prediction servers. This new model disagrees with the previously published model in 1999 (Janosi et al. 1999b) in a number of respects. The previous model was based on the p-RI, which contains LRRs composed of 28-30 residues per repeat. The authors acknowledged that this did not match the 22-27 residues per repeat present in ALS and in many other LRR-containing proteins. In addition, the earlier model lacked the N-and C-terminal regions, providing no accurate information on ALS caps. Finally, the authors suggested an extension of the known RI structure from a horseshoe to a doughnut to accommodate the missing residues, although no such structure has been seen in LRR proteins to date. As a result of improvements in protein structure prediction coupled with increases in the protein structural database, we were able to confidently build a model for more than 90% of ALS residues. This new model is based on the Toll-like receptor family and is consistent with the known length of LRR in ALS. The N-and C-termini are enriched in proline residues and contain several potential S-S bonds, whose function is likely to be the capping of the LRR hydrophobic core. Shielding of the LRR core by N and C caps is a common feature in LRR proteins and, similar to what is observed in ALS, the N and C caps of extracellular LRR proteins often contain clusters of cysteines, which form disulphide bridges (Buchanan & Gay 1996 , Matsushima et al. 2005 . Three of the putative S-S bridges identified by our analysis are conserved features in the templates used for ALS model prediction. In particular, the N-terminal ALS C45-C60 S-S bridge (Cx 14 C motif, where x can be any amino acid) corresponds to the Cx 8 C motif in the Toll-like receptor 3 (TLR3) and to the Cx 10 C motif in TLR4, and ALS C-terminal S-S bridges C540-C583 and C542-C605 (CxCx 40 Cx 21 C motif) correspond to the two S-S bridges present in the TLR4 (CxCx 23 Cx 17 C motif, sequence alignment between ALS and templates available in the Supplementary material). A manual analysis of the ALS structure identified three additional cysteine pairs. These pairs are spatially close, although at a distance greater than that allowed for the formation of disulphide bridges. However, given the inherent error/deviation of the model backbone from native, it is feasible that these pairs do form bridges in the native, though experimental testing is needed to confirm this. We used this novel ALS model to interpret the possible structural effects of known pathogenic mutations in ALS, to predict glycosylation states and to analyse its electrostatic surface.
Experimental determination of the molecular mechanisms by which a mutation affects protein function or stability is the gold standard but can be challenging. We mapped ALS in-frame insertions and missense mutations to the new model and suggested a molecular explanation of their deleterious effect using a computational approach alone. Nonsense and frameshift mutations have also been identified in patients with ALS deficiency. Their structural effect was not analysed, as they result in premature stop codons, which cause premature termination of mRNA translation. These transcripts are likely to be degraded by nonsense-mediated mRNA decay, thus preventing the synthesis of prematurely truncated mutant proteins.
Confirmation of our predictions could only be obtained for one mutation, p.Asp440Asn, which has been shown by previous experiments to cause the formation of a new glycosylation site (Firth et al. 2011) . Creation of novel glycosylation sites can cause protein misfolding and rapid protein degradation (Freeze & Schachter 2009 ) and could explain ALS deficiency in the patients' circulation (Hwa et al. 2006) .
Identification of potential N-glycosylation sites was achieved by identification of the NXS/T sequon. Although the N-glycosidic bond always occurs at the amide of the asparagine in this well-known consensus sequence, the asparagine of this sequon is not always glycosylated. Fully glycosylated ALS has a molecular weight of 84-86 kDa. As the mass of the polypeptide backbone is w66 kDa, N-glycosylation contributes w20 kDa to the ALS molecular weight (Janosi et al. 1999a) . In vitro ALS enzymatic deglycosylation with increasing concentration of N-glycosidase results in at least six isoforms corresponding to partially deglycosylated ALS (Janosi et al. 1999a ). This in vitro evidence supports our in silico prediction of the presence of multiple N-glycosylation sites. Conversely, in silico prediction of the ALS O-glycosylation sites was more challenging. O-glycosylation site prediction is error prone as it may depend on the structural context and surface accessibility (Calvete & Sanz 2008) , and no consensus sequence is known to date. In vitro studies have shown that the ALS protein is not extensively O-glycosylated, as enzymatic O-deglycosylation does not result in a change in ALS molecular weight (Janosi et al. 1999a) and this is consistent with the prediction results of the CKSAAP and NetOGlyc servers. Glycosylation sites provide negative charges to the ALS protein and it has been hypothesised that they are involved in the interaction with the positive charges on the IGF1/ IGFBP binary complex. Accurate localisation of these sites on the ALS structure can prove useful for designing mutagenesis studies. In fact, computational results alone rarely provide a definitive answer in complex cases, such as determination of O-glycosylation sites, and their exact number and position should be further assessed experimentally, before definitive conclusions can be drawn.
When the ALS surface electrostatic potential was calculated, we found that the concave surface was largely negatively charged with multiple patches extending from the N-to the C-terminus of the protein.
These negative patches could be responsible for the electrostatic interaction with IGFBP3 and -5, thus fitting the hypothesis of a negative-positive interaction. The use of the concave surface for formation of biological complexes has been demonstrated for other members of the LRR family, such as the Toll-like receptor 3 (Choe et al. 2005) .
The novel information on the ALS structure gathered in this study was used to attempt modelling of the ALS-IGFBP-IGF ternary complex (data not shown). Nevertheless, the lack of IGFBP3 or -5 solved structure and the still suboptimal accuracy of docking algorithms did not allow us to build a confident model of interaction.
Advances in the understanding of the ALS structurefunction relationship can help to identify the biological determinants of ternary complex formation and ultimately lead to the development of new drugs for the treatment of disorders, ranging from short stature to neoplasias. Although in silico observations alone rarely provide a definitive proof of structure-function relationship, they can provide invaluable information for designing experimental studies and assist in biological problem solving.
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